Objective-To explore differences in blood cytokine profiles among distinct BPD patterns.
to the following lung disease patterns: (1) no lung disease (NLD), (2) respiratory distress syndrome (RDS) without BPD, (3) classic BPD (persistent exposure to supplemental oxygen until 28 days of age) or (4) atypical BPD (period without supplemental oxygen before 28 days). Median cytokine levels for infants with BPD were compared with the interquartile range (IQR) of results among infants with NLD.
Results-The distribution of enrolled infants by group was as follows: 69 (NLD), 73 (RDS), 381 (classic BPD), and 160 (atypical BPD). The remaining 260 infants could not be classified due to missing data (104) or not fitting a pre-defined pattern (156). Median levels of 3 cytokines (elevated IL-8, MMP-9; decreased GM-CSF) fell outside the IQR for at least 2 time points in both atypical and classic BPD infants. Profiles of 7 cytokines (IL-6, -10, -18, MIP-1α, CRP, BDNF, RANTES) differed between infants with classic and atypical BPD.
Conclusion-Blood cytokine profiles may differ between infants developing classic and atypical BPD. These dissimilarities suggest the possibility that differing mechanisms could explain the varied patterns of pathophysiology of lung disease in extremely premature infants.
Keywords
Premature infant; respiratory distress syndrome; chronic lung disease; inflammatory markers Many investigators have described the association of altered lung fluid cytokine levels with the development of bronchopulmonary dysplasia (BPD), but these studies are limited by their small size and their inability to obtain samples from non-intubated infants [1] [2] [3] [4] [5] [6] [7] [8] . Fewer studies have explored the potential association between variations in blood cytokine levels and BPD [9] [10] [11] [12] . Some authors have described a "new" BPD associated with improved survival in smaller infants and decreased incidence of the more classic, severe form of BPD due to the availability of newer management approaches [13, 14] . We have previously described four patterns of respiratory course among infants ≤ 1250 grams birth weight, based on oxygen administration: (1) normal -no clinical or radiological evidence of lung disease; (2) respiratory distress syndrome (RDS) -typical RDS, with no supplemental oxygen administration at 28 days of age; (3) classic BPD -acute lung disease that does not resolve, leading to oxygen administration and radiologic evidence of BPD at 28 days; and (4) atypical BPD -initial resolution of RDS, if present, followed by subsequent development of oxygen requirement that persists through 28 days [13] . Although it would not be appropriate to conflate "new" BPD with the atypical group we describe, these infants may represent a unique group in which to study the pathogenesis of the "new" BPD.
The Eunice Kennedy Shriver National Institutes of Child Health and Human Development's
Neonatal Research Network (NRN) has performed cytokine assays on blood spots from over 1000 premature infants. We have previously reported that adding cytokine results to clinical predictors improved the ability of a multivariate model to predict the later development of BPD [11] . However, the modeling did not take into account potential subtypes of BPD. We re-analyzed the cytokine data, specifically dividing subjects into groups with classic and atypical BPD. We hypothesized that the patterns of expression of a limited number of blood cytokines would differ between infants with classic BPD, infants with atypical BPD, and infants without BPD. We speculated that these differences in cytokine levels could serve as biomarkers of disease type and form the focus of further, hypothesis-driven exploration of the pathogenesis of BPD.
METHODS
This study analyzed data from a prospective cohort study of blood cytokine levels among premature infants that has been reported previously [11, 15] . Briefly, whole blood spots were collected on filter paper from infants with birth weights between 401 and 1000 grams born at one of 17 NRN centers between 1999 and 2002. Samples were collected within 4 hours after birth ("day 1") and then between 2-4 days ("day 3"), 6-8 days ("day 7"), 11-17 days ("day 14") and 18-24 days ("day 21"). Samples were dried using a desiccator, frozen immediately and analyzed later for levels of 25 cytokines using a multiplex, bead-based luminescent immunoassay (Luminex ® , Austin, TX), as previously described [16] . The cytokine levels measured included interleukin (IL)-1β, IL-2, IL-4, IL-5, IL-6, IL-8 (CXCL8), IL-10, IL-12, IL-17, IL-18, tumor necrosis factor (TNF)-α, TNF-β, RANTES, brain-derived neurotrophic factor (BDNF), C-reactive protein (CRP), granulocyte/ macrophage colony-stimulating factor (GM-CSF), interferon (IFN)-γ, macrophage chemoattractant protein (MCP)-1, macrophage inflammatory protein (MIP)-1α, MIP-1β, matrix metalloproteinase (MMP)-9, neurotrophin (NT) 4, soluble IL-6 receptor (SIR), transforming growth factor (TGF)-β, and triggering receptor expressed on myeloid cells 1 (TREM1). Clinical data, including inspired concentration of oxygen (FiO 2 ) on days 1, 3, 7, 14, 21 and 28 and at 36 weeks' postmenstrual age (PMA), were collected from the medical record. The original study was approved by each center's Institutional Review Board, and parents gave informed permission for the study. This analysis used only de-identified data collected at the time of the original study.
Infants were divided into groups to correspond with our previously reported patterns of lung disease [13] , according to oxygen administration at 1, 4, 7, 14, 21 and 28 days of age. The means of oxygen administration was not included in the definition. A group with "no lung disease" (NLD) was defined by having FiO 2 < 0.25 at days 1, 4, 7, 14, 21 and 28 days. A group was identified as having "respiratory distress syndrome without BPD" (RDS) by having FiO 2 ≥ 0.25 within the first 21 days, FiO 2 < 0.25 at day 3 and/or day 7 and FiO 2 <0.25 at day 28. Infants with FiO 2 ≥ 0.25 at days 1, 3, 7, 14, 21 and 28 (ie, persistent supplemental oxygen administration) were classified as having "classic BPD." Infants with FiO 2 <0.25 at either day 3 or day 7, but FiO 2 ≥ 0.25 at day 28 (i.e., intervening period of low or absent supplemental oxygen administration) were defined as having "atypical BPD." The BPD groups were further subdivided into "mild BPD" (FiO 2 = 0.21 at 36 weeks' PMA) or "moderate-to-severe BPD/CLD" (FiO 2 > 0.21 at 36 weeks' PMA), in a classification roughly approximating consensus guidelines on BPD severity, to allow for evaluation of the common clinical definition that considers only FiO 2 at 36 weeks' PMA [14] . The data predated the use of physiological testing to determine FiO 2 required at 36 weeks' PMA [17] . Subjects receiving nasal cannula flow at FiO 2 0.21 were considered as receiving room air. Results for both any severity of BPD and moderate-to-severe BPD (with mild BPD removed) were analyzed. Subjects who did not fit into one of the classifications or who died before 28 days of age were not included in the analysis.
Baseline and clinical characteristics were analyzed by Kruskal-Wallis test or Median test (Apgar scores) for continuous variables, and Fisher exact test for categorical variables.
The median values and interquartile range were determined for each cytokine among the NLD group at each of the sampled times. The median values for each of other groups were plotted against the NLD group. Cytokines for which two median values fell outside the interquartile range for NLD group were defined a priori as different from the pattern for the NLD group.
Because the purpose of this study was to generate hypotheses about potential differences in cytokine patterns among various types of lung diseases, no statistical hypothesis testing was performed.
RESULTS
Of the original 1067 subjects in the observational cytokine cohort, 943 survived to 28 days, and 683 of these could be categorized into one of the four pre-defined groups (Figure 1 ; available at www.jpeds.com). Of these, 69 (10%) qualified as having no lung disease, 73 (11%) were categorized as having RDS without BPD, 160 (23%) as having atypical BPD, and 381 (56%) as having classic BPD. When analyzed at 36 weeks' PMA, among infants with atypical BPD, 4 (3%) had died, 39 (24%) had moderate/severe BPD (continued FiO 2 >0.21), 70 (44%) had mild BPD (FiO 2 0.21), and 47 (29%) had missing data for FiO 2 at 36 weeks' PMA (and were not included in the 36 week data). Of infants with classic BPD assessed at 36 weeks' PMA, 25 (7%) had died, 125 (33%) had moderate/severe BPD, 80 (21%) had mild BPD, and 151 (40%) had missing data for FiO 2 at 36 weeks' PMA (and were not included in the 36 week data). Baseline and clinical variables of the groups, including of the group of infants unable to be categorized, are described in the Table. As expected, there were several differences in baseline and clinical variables among the disease groups and between the classifiable and non-classifiable infants. Of the 260 infants who could not be classified, 156 were indeterminate (≥1 FiO 2 measurement <0.25, but FiO 2 ≥0.25 at both day 3 and day 7, including 120 who had FiO 2 ≥0.25 at day 28) and 104 had incomplete information (missing FiO 2 at 28 days or >1 missing FiO 2 value).
As expected from the definitions, infants with BPD of either type had higher FiO 2 at 28 days ( Figure 2 ), with mean FiO 2 in the NLD and RDS groups of 0.21. Infants with atypical BPD had FiO 2 at days 1 and 3 more similar to the RDS group than to the classic BPD group. Thereafter, the atypical BPD group had FiO 2 values intermediate between those of the classic BPD group and the other groups. Also as expected from the group definitions, nonclassified infants' FiO 2 values fell between those of the BPD groups (Figure 3 ; available at www.jpeds.com).
No median cytokine levels in the RDS group fell outside the interquartile range (IQR) of infants in the NLD group (Figure 4 ). To simplify presentation, Figure 4 depicts only values for infants in the moderate-to-severe BPD groups, except in the case of GM-CSF. For the majority of cytokines, median cytokine levels in neither the atypical nor the classic BPD groups (whether all BPD or only moderate-to-severe BPD) fell outside the IQR of the NLD group. However, median levels of IL-8 and MMP-9 fell above the IQR of the NLD infants for at least two determinations in both the atypical BPD and classic BPD groups. Median levels of CRP, IL-6, IL-10 and MIP-1α had at least two determinations above the IQR of the NLD infants in the classic BPD group, and median levels of IL-18 were above the IQR of the NLD group at least twice in the atypical BPD groups. In addition, GM-CSF median levels were below the IQR of the NLD group at least twice in both the atypical and classic BPD groups. Median BDNF and RANTES levels were below the IQR of the NLD group at least twice in the classic BPD group. In all cases, except that of GM-CSF, cytokine concentrations among the groups with moderate-to-severe BPD were more extreme than values among the BPD group as a whole and accounted for the two values outside the IQR of the NLD group (data not shown). None of the other analytes displayed two values outside the IQR of the NLD infants ( Figure 5 ; available at www.jpeds.com). Sensitivity analyses using FiO 2 0.21 (rather than <0.25) at 28 days as the definition of BPD or including the nonclassified infants with FiO 2 ≥0.25 as a separate "BPD" group in the analysis did not uncover any new analytes that departed from the IQR of the NLD group.
DISCUSSION
This analysis of cytokine data from an observational cohort of infants born at 401-1000 grams detected qualitative differences in the pattern of blood cytokine expression for infants developing classic BPD (prolonged high oxygen administration) or atypical BPD (late development of oxygen requirement after period of low or absent oxygen administration). In a previous analysis of 1062 infants from the same dataset, we reported that when controlled for multiple clinical factors, elevated peak levels of IL-1, IL-6, IL-8, IL-10 and IFNγ were associated with death or presence of BPD (defined by supplemental oxygen administration at 36 weeks PMA) when compared with infants without those outcomes [11] . The same was true of depressed peak levels of IL-17, RANTES and TNFβ. However, the predictive characteristics of the multivariate regression model was improved only marginally by the addition of the cytokine data to the model containing clinical variables.
The current analyses differ from the previous analysis in that it divided BPD into two types (classic and atypical), which differed in the pattern (continued supplemental oxygen exposure vs. period without supplemental oxygen) and degree of supplemental oxygen exposure (higher among infants with classic BPD). The cohort included in the current analysis was smaller for two reasons. Children who did not survive to the time of classification and those who could not be categorized into one of the pre-defined groups were excluded, which left 2/3 of the initial cohort available for analysis. The analysis also differed in that the previous study studied peak cytokine values in a multivariate analysis; the current evaluation was qualitative in its approach (two median determinations outside interquartile range of values from infants without evidence of RDS or BPD). Despite these differences in population, definitions and methods, our data were consistent with the previous analysis in identifying altered levels of IL-6, IL-8, IL-10 and RANTES among infants who subsequently developed BPD [11] . The findings, particularly for IL-8, are consistent with other reports demonstrating elevated levels of IL-8 in the blood [12] or tracheal aspirate [1, 4] of infants who develop BPD or in animal models of BPD [18] . Other cytokines, such as BDNF, GM-CSF and MMP9, were altered both in our analysis and the unadjusted analysis of the previous study. Some, however, such as CRP, IL-18 and MIP-1α, were altered only in the current analysis.
The current analyses revealed groups of cytokines outside the interquartile range of NLD infants among infants with classic and atypical BPD, with some distinct patterns of deviation (e.g., consistent depression of BDNF among infants with classic BPD, but little deviation from IQR among those with atypical BPD). In addition, even when both groups departed from the IQR, the patterns could differ substantially. IL-8 among infants with classic BPD differed markedly from the IQR of children without lung disease at nearly every time point, and the only marked difference among infants with atypical BPD occurred at 21 days. MMP9 showed a crisscross pattern with elevation noted early among children with atypical BPD, but late among those with classic BPD. The differences in the cytokines associated with varying BPD types and the patterns of those alterations may yield important hypotheses for further evaluation of factors that may be involved in the pathogenesis of BPD.
Laughon et al [12] recently reported results of a similar analysis of cytokines measured on blood spots from 908 infants born at <28 weeks' gestation who participated in the ELGAN study [19] . The investigators divided children among groups similar to those reported here: "low FiO 2 " (FiO 2 < 0.23 on all days between days 3 and 7 after birth and on day 14 after birth), "normal pulmonary function followed by pulmonary deterioration" ("PD," FiO 2 <0.23 on any of the days between days 3 and 7, but FiO 2 > 0.25 on day 14, similar to our "atypical BPD" definition) and "early and persistent pulmonary disease" ("EPPD," FiO 2 ≥ 0.23 on all days between days 3 and 7 and > 0.25 on day 14, similar to our "classic BPD" definition). The investigators used a time-oriented logistic regression model for analysis [12] . In that dataset, collected from different children and evaluated with a different statistical analysis, elevated IL-8 was associated with EPPD. Elevations in RANTES were associated with decreased risk for both EPPD and PD, which is consistent with our data. They also reported associations for three molecules not included in our cytokine set: Increased VEGF was associated with decreased risk of both PD and EPPD, elevated MMP-1 was associated with decreased risk of EPPD, and elevated ICAM-1 with increased risk of EPPD [12] . Their cytokine set did not include IL-10, IL-18, MIP-1α, BDNF or GM-CSF, among which we found alterations from the normal range in our analysis. Their complementary data strengthens the argument that blood cytokine analysis is a potentially useful biomarker for generating hypotheses regarding differing patterns of prematurityrelated lung disease.
In our analysis, the cytokines and proteins that deviated from the interquartile range of infants without significant lung disease included CRP, IL-6, IL-8, GM-CSF and MIP-1α, associated with attraction and activation of innate inflammatory cells. IL-6 and IL-10 have been associated with stimulating Th2 responses and the development of lung disease among premature infants [8, 20] , and RANTES also is associated with T-cell responses. IL-18, a member of the IL-1 superfamily, has pleiotropic effects on both innate and acquired immunity [21] . BDNF has been associated with the immunopathogenesis of inflammatory disorders both within and outside the nervous system [22] . IL-8 is perhaps the best characterized cytokine and has the best evidence for biological plausibility and possible causality. Blocking IL-8 or homologous cytokines in animal models inhibits some changes associated with lung injury or BPD [23, 24] , and limiting tidal volume in adult humans decreases plasma IL-8 values in adult humans with acute lung injury [25] . However, preliminary investigations such as ours may be most useful for generating hypotheses and identifying potential biomarkers, rather than for generating complete mechanistic models.
This study has several limitations. The dataset is limited in scope and elements due to the initial decisions of the investigators. The analysis also represents practice and outcome at the turn of the 21 st century, as neither the physiological requirement for oxygen nor the administration of room air by nasal cannula was used in the definition of BPD. Furthermore, the use of a 1000 g birth weight cutoff for the group likely enriches it for small-forgestational-age infants. The available cytokine panel included primarily pro-inflammatory cytokines, and other mediators and growth factors potentially important in the development of lung disease were not evaluated. Measurements of cytokine values on blood spots is many steps removed from events in the lung, thus events distant from the lung and/or unrelated to lung disease, including intracellular events in circulating leukocytes, may explain some of the alterations we observed. The definitions of the "normal" range for cytokine values and significant deviations from normal were chosen a priori but were nonetheless arbitrary.
Similarly, the definitions for the lung disease groups, although they resulted in groups that closely approximated previously described patterns of lung disease [13] , were chosen pragmatically. The lung disease definitions excluded a large proportion of infants with indeterminate or incomplete data and included potentially dissimilar infants (e.g. infants off all support and infants receiving FiO 2 0.21 but also respiratory support) into one of four groups. The population chosen for "normal" values were also exposed to stresses inherent to premature birth, even if these events were not reflected in supplemental oxygen requirement. The a priori decisions made to produce the four groups may have introduced bias and could limit the generalizability of the results. A different approach to the heterogeneity in the data might yield different conclusions. Finally, a diagnosis of BPD is of only limited utility in predicting future respiratory outcomes [26] . Given the qualitative and exploratory nature of the project, results were purposely not analyzed for statistical significance or corrected for covariates and confounders, such as gestational age or illness severity markers, to avoid inadvertently missing a potentially useful result. Despite these limitations, our analysis suggests several plausible hypotheses regarding differences between subtypes of BPD. It will fall to future, rigorous, hypothesis-testing, quantitative investigations to determine which hypotheses bear fruit.
In summary, this exploratory evaluation of premature infants at risk for BPD revealed several cytokines that deviated from values in premature infants without lung disease. Further, these cytokines displayed different patterns among children developing atypical BPD and those developing classic BPD. This unbiased graphical representation of blood cytokine values should generate hypotheses about the molecular antecedents of differing patterns of lung disease among premature infants. Reasonable next steps would include returning to animal models of lung injury to assess the necessity and sufficiency of alterations in analytes not previously associated with neonatal lung disease (eg, BDNF) and specific, targeted tests of reproducibility of novel differences in presence (eg, IL-18) or pattern (eg, IL-8, MMP9) of analytes among new, prospective, validation cohorts of premature infants.
Figure 1. Flow diagram of cohort characteristics
Among subjects in the initial cohort, 12% died before the time of categorization (28 days of age), 64% could be assigned to one of four pre-defined patterns of lung disease (72% of survivors), and 24% could not be categorized. BPD = bronchopulmonary dysplasia. As expected from the lung disease pattern definitions, children with classic BPD had higher initial FiO 2 than those with either atypical BPD or RDS. Children in the atypical BPD group had lower FiO 2 at 28 days than did children with classic BPD. Values are shown as mean ± standard error of the mean. Inspired oxygen concentration (FiO 2 ) for non-classified groups. Non-classified infants are shown including all infants (orange line) and only infants with FiO 2 ≥0.25 at 28 days (blue line), who would qualify as having BPD. As expected from the group definitions, the FiO 2 means for infants with non-classifiable BPD (≥1 FiO 2 measurement <0.25, but FiO 2 ≥0.25 at both day 3 and day 7 and at day 28) fell between those of the classic (FiO 2 ≥ 0.25 at days 1, 3, 7, 14, 21 and 28) and atypical (FiO 2 <0.25 at either day 3 or day 7, but FiO 2 ≥ 0.25 at day 28) BPD groups. Table 1 Demographic and clinical characteristics. Gestational age (w) *
28 
